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PREFACE

This report describes part of a comprehensive, continuing research program
in remote sensing of the environment by aircraft and satellite. The research is
being conducted for NASA's Lyndon E Johnson Space Center, Houston, Texas, by
the Environmental Research Institute of Michigan (ERIM), formerly the Willow
Rurn Laboratories, Institute of Science and Technology, The University of Michigan.

The main objective of this program is to develop remote sensing as a practical

tool for obtaining extensive environmental information quickly and economicaily.

Remote sensing of the environment involves the transfer of radiation from
objects of interest on the Earth's surface through the atmosphere to 2 sensor
either within or outside the atmosphere. Since this intervening atmospheric me-
dium alters the iitrinsic radiation from surface elements, the interpretation of
multispectral scanner data can be significantly affected. This report deals with
- the definition of the natural radiation field encountered in a realistic remote sens-

ing environment from the viewpoints of radiative-transfer theory and atmospheric
optics.
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and R. F. Nalepka, Head of ERIM's Multispectral Analysis Section. The ERIM
number of this report is 190100-24-T.
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SYMBOLS

aerosol (subscript)
distribution parameters
brightness factor

contrast

contrast ratio (1 - Lo/‘LB)
e: iraterrestrial solar irradiance at the top of the atmosphere

isotropic field

total downward irradiance

aeroso: absorptivity factor

intensity of radiation

index for a, s, or t, Eq. (39)

beam intensity at origin

complex propagation vector

directly attenuated scattering component

background radiance

doubly scattered sky radiance
intrinsic radiance of the object
spectral path radiance

radiance along infinite path through atmosphere
total vpectral radiance

spectral radiance at surface
singly scattered surface radiance
sum of Lsur + Lss + Lds

singly scattered sky radiance
real part of refractive index
imaginary part of refractive index

refractive index of the medium
retractive index
molecular number density
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N(z. r)
P(cos x)
P((cos X)

pl(cos x)
Qs(x. m)

- w9y

t(r)
A
X

aA(A. m, z)

By m, z)
5

K
K, (O, m. z)
Kq™)

k)
Kw(k)

By 8y

n(7)

oR(x)
os(h, r, m)
Ut(AS r‘ m)

(7)
X
wi and §0
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particle numaber density for ra 1us r at altitude 2

scattering phase function
Legendre polynomial

scattering phase function

scattering efficiency factor

coordinace position vector
particulate size distribution
spectral transmittance
time or total

aerosol turbidity

visual range

distance, size parameter

absorption coefficient fcr polydispersion
scattering coefficient {or polydispe rsion

anisotropy parameter
volume extinction coefficient

extinction coefficient for polydispersion

volume extinction coefficient for dust particle
volume extinction coefficient for Rayleigh s:attering

volume extinction coefficient for water aerosol

angular coordinates of the sun

anisotropy parameter
sin n cos Y
sin 7 cos ¥

interior Lambertian disk reflectance
exterior Lambertian disk reflectance
Rayleigh scattering cross section
scattering cross section

total cross-section scattering

optical depth

angle between the incoming direction and the scattered direction

Riccati-Bessel functions
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- Q solid angle
A K
Q unit vector in the direction of the scattered photon at position ﬁ i
v w angular frequency .
wo(T single-scattering albedo 3
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v SUMNIIARY ‘
As part of the continuing development of an atmospheric-radiative-transfer model which

can be used to correct multispectral data, we must consider as many atmospheric effects as
possible that may have #n influence on the data. In previous studies we have constructed a
radiative-transfer model which included the effect of multiple scattering in homogeneous, non-
absorbing, plane-parallel atmospheres bounded by spatially uniform surface conditions.
Although variable atmospheric states characterized by visual range were included, we consider-
ed only non-absorbing aerosol particles in the a...osphere. Also, the surface dealt with was a
spatially uniform Lambertian one.

In the present further work we consider a variety of more realistic atmospheric conditions
characterized by visual range, enmposition of aerosols, size distribution of aerosol particles, ,
and ozone absorption. Hence, we have expanded our aimospheric-radiative-transfer model to ’
3 include almost every kind of atmospheric state possible with regard to the composition and
3 structure of aerosols. Excluded are certain strong gaseou : absorption effects in the infrared,
- with this omission justified on the grounds that in the desiga of sensors, one usually ignores
these regions anyway.

: Another problem addressed in the current study :c th2 o2casionai influence of backyround
on the target through radiation being scattered from elements outs:ide the instantaneous field
of view into that field of view. In this report we examine this effect and «mploy the necessary
approximations to solve the problem analytically Also, a solution is presented for the case of
an airborne or spacecraft sensor viewing a non- Lambertian surface from any point in or out-
side of the atmosphere. This solution can be used in an analysis of the changes to be expected

in multispectral data as a sensor moves in a horizontal plane ove; the terrain being investigated.
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2
INTRODUC TION

In the remote sensing of terrain features on Earth's surfa. e, discrimination of specific
targets from their backgrounds is essential. One method of accomplishing this is to analyze
the radiation received in several wavelength intervals on the assumption that classes of objects
can be defined in terms of their spectral properties. Such analysis depends upon variabilities
in remotely sensed data which can be attributed to the complex spectral properties intrinsic tn
materials found on the Earth's surface. Discrimination techniques are by no means limited to
spectral variations alone; other schemes car be based upon polarization or goniometric character-
istics of various classes of objects toprovide a ""signature'and thus a unique means of identifica-
tion. But remote sensing based upon polarization and/or goniometric properties has not found
widespread use, probably because (1) very little is known about the intrinsic polarization char-
acteristics of natural! materials and even less concerning their goniometric properties, and (2)
the sensor requirements and operational systems needed to acquire meaningful data based uron
these properties are rather complex. In this report, however, we deal exclusively w:tb ana! tical
approaches applicab.e to the dzvelopment and implementation of discrimination tech..iques based

upon spectral variations.

Aside from the intrinsic properties of natural materials, there exist variations,such as the
variability of the atmosphere, resulting from elements extrinsic to these materials. Although
one would like to collect data under ideal environmental conditions, the implementation of an
operatioral remote sensing s'stem necessitates the acquisition of data under conditions which.
unfortunately, are oftentimes far from ideal. For this reason it is important that the more sys-
tematic variations associated with atmospheric effects be considered in the analysis of remote

sensor data.
The spectral radiance at a sensor is given by the following:

I..T=LST+LP

where LS is the spectral radiance at the surface
T is the spectral transmittance between the sensor and the object being observed
LP is the spectral path radiance—-that is, the radiation along the path between the sensor
and target arising from multiple scattering or intrinsic emission

All three of these quantities depend upon the staie of the atmosphere; they can vary considerably
with altitude, wavelength, view angle, sun angle, and surface albedo. A complete atmospheric
radiation model shoulrd provide those quantities which determine a unique get of parameters
appropriate to the environmental conditions which exist at « particular time.

14
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Previous work on this problem has resulted in an atmospheric-radiative-transfer model

A FTAE Stk

which acco. ats —assuming multiple scattering in cloudless, plane-parallel atmospheres with b

v no absorption—for variations in the radiometric quantities named above. TI:: usual assump-
tion in atmospheric-radiative-transfer problems is that there is little absorption by aerosols b
in the visible part of the electromagnetic spectrum. This is definitely not the case, however, ﬁ
for the contaminated air commonly found in large urban areas where sulfate, carbonate, and
other soot particles exist in large quantities. Furthermore, from recent investigations of the
atmospheric particul ite load around the world, it is becoming evident that aerosols play an
important role in determimng the overall energy balance of Earth. For this reason we inves-
tigated the influenn: of contaminated atmospheres on the natural radiation field.

Anothzr effect treated in this report is the influence of background or turget via scattering
in thc atmosphere. Radiation reflected from background objects will eventually be scattered
into the field of view of a sensor and, hence, will infiuence the signal from the target. This
complicated effect requires that the radiative-transfer equation be solved in two or three
dimensions in order to define the radiation field anywhere in the atmosphere for non-homoge-
neous boundaries. In our study of this phenomenon, we assume it to be a function of basic pa-
rameters describing pertinent optical characteristics of the atmcsphere.
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3
THE ATMOSPHERIC STATE

In the remote sensing of Earth's surface by means of electromagnetic radiation raflected
from terrain objects, the atmosphere can scatter and absort t* radiation and, hence, alter
the intrinsic radiation characteristics of the object being investigated. The resultant rad..tion
received by a sensor depeads upon factors such as viewing geometry, time of year, surface
conditions, and atmospheric state. It is the state of the atmosphere that we shall discuss in this

section.

3.1 COMPOSITION OF THE ATMOSPHERE

The state of the atmosphere at any location and at any time can be defined by a unique set
of parameters fully describing all aspects of the atmosphere. However, we are not interested
in all aspects of the atraosphere, but only in those of key importance to remote sensing applica-
tions. Thus. micro-fluctuations in density or ion content are of no import, but we are certainly
interested in visibility. Our goal, therefore, is a somewhat limited specification of parameters
which can be used to define the state of the atmosphere. For purposes of the present study,

we shall be concerned mainly with the scattering and absorbing properties of gases and partic

ulates that exist in our atinosphere.

3.1.1 ATMOSPHERIC GASES
By definition, the visible portion of the electromagnetic spectrum is that part of it to viach

the human eye is most sensititve; thus it is not surprising that this part of the spectrum undur-
goes little absorption by the atmosphere. The major permanent gaseous components of our
atmosphere are molecular oxygen, nitrogen, and argon. Thr.uv gases absorb very little radia-
tion in the visible and near -infrared part of the spectrum; only variable components such as
water vapor, corbon dioxide, ozone, sulfur dioxide, nitregen compounds, methane, and other
trace gases absorb such radiation to any extent. Of these variable components, ozone, water
vapor, and carbon dioxide are the most important absorbers of radiation in the near-infrared.
For the purposes of this study, we shall consider only ozone in the Chappuis bands in the
region 0.44 to 0.74 um and assume that all other radiation in the region 0.40 to ~2.0 um is not
absorbed by gases. Since the gaseous absorption regimes of the various atmospheric compo-
nents are well known, it is relativelv easy to select those spectral regions within which absorp-
tion is at a minimum. More detailed studies of atmospheric gases have been done by Goody
[1] and Zuyev [2].

Throughout the visible part of the spectrum, ozone is the primary gaseous absorber.
There are variable amounts n the troposphere, but the general altitude variation is known [3].
A profile of the ozone number density is ill str-‘ed in Fig. 1. Note that the maximum density

occurs at an altitude of about 23 km, 16
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3.1.2 AEROSOLS .
Ome mcy define an aernsnl as a semi-permanent suspension of solid or liquid particies in

the Earth’s atmosphere. Typical aerosol distritutions would be hazes, clouds, mists, fogs,
smokes, and dusts. It is the aerosol component of the atmosphere which is yuite variable.

Depending upon location and time, aerosols can have many compositions, sizes, shapes, and

densities. In condensation processes, the predominant composition is water (for which the re-
fractive index is well known). Depending upon the history of the distribution, however, various b
contaminants can mix with water and water vapor in the formation of droplets to produce a
composition quite different from that of water. The major primary source of atmospheric
aerosols on a world-wide basis is sea spray [4]; other primary sources are wind-blown dust i
and smoke from forest fires. While the compositin1 of worldwide aerosol distribution can be

estimated, this composition can nevertheless vary over a wide range depending upon its prox-

imity to various local sources. The only ways in which the composition can be determined is

: by direct in situ sampling of the air in a particular location or by radiometric techniques.
A Much in situ sampling has been done by Volz [5, 6], Grams et al. [7], and Flanigan and
é Delong [8]. Asa result of their work anc that of others, the mean world-wide aerosol can be -
i considered to have a real refractive index of about 1.5 and an imaginary part between 0.01 and
' 1.0. Hence,
m() = m, - im, (1)

; ; where m 1 and m,, respectively, are the real and imaginary part of the refractive index, and
A is the wavelength, For realistic atmospheric conditions,

1.33 < m, < 1.55 @) :
. and
§ -
¥ 0<m, 2 1.0 (3)

which are roughly independent of wavelength.

] Particles also come in various sizes. Generally, however, they can be put into three
‘ categories: the Aitken nuclei with radii between 10-'7 and 10-5 cm, the large particles with

radii between 10”2 and 1074 cm, and the so-called giant particles with radii greater than 1074
cm, In :e0st hazes, the optically active region i~ made up of those particles in the large or
giant categories. Junge [8] showed that most aerosol distributions follow the simple power

law,

N(z, r) = Clz)r™¥ (4) .
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where N(z, r) is the particle number density for radius, r, at altitude, z
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v is the exponent of the power law

Experimentally, v has been found to vary § . .12 to 5 for various tropospheric aerosol distribu-
tions. Also, other investigators have found a better fit to the particulate d.ta by using the mod-
ified gamma distrioution,

N(z, r) = ar” exp -br’); 0<r< = (5)
where a, a, b, and y are parameters which describe the distribution.

Deirmendjian [10] has used this function to characterize different hazes. The fcllowing is
a list of the hazes Deirmendjian considered and the relevant parameters.

Haze Type a o Y b
M 53333 x10* 1 1/2  8.9443
L 49751 x10° 2 12 15.1186
H 4.0000 X10° 2 1 20.0000

Haze M, used td describe a marine or coastal haze, has a peak in the distribution at
r = 0.05um. The haze L represents a continental distribution and has a peak at r = 0.07um.
The haze H model can be used to represent a stratospheric aerosol or dust layers:; it has a

peak at 0.10um A graph of the three hazes is illustrated in Fig. 2. We shall make use of these
hazes in the detailed analysis of atmospheric radiation.

For the liquid aerosols it can be assumed that the particles are spherical or nearly spher-
ical in shape. For solid particles, however, the shape may assume any form. A number of
investigators [11, 12, 13] have studied the influence of particle shape on the scattering of radia-
tion. The scattering of electromagnetic ,adiation by odd-shaped particles has a different pat-
tern from that produced by spherical particles; but given a polydisperse collection of odd-
shaped particles, the nature of the difference is not clear. Most of the work on radiation in

atmospheres concerns spherical aerosols; we shall follow suit and neglect the complications
of particle shape.

Thus far e have considered the composition, sizes, and shapes of aerosol particles, but
in order to define the atmospheric state we must also know the concentration of particles.
Wiegand [14] was the first tc measure the vertical profile of an aerosol number concentration
of condensation nuclei. As a result of his measurements and many others cited in Iviev (15],
it was found that the concentration of condensation nuclei obeys an exponential law with altitude.
It was also determined that a zone of increased concentration of large particles exists in the
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17 to 23 km altitude range (Junge layer) and in a probable layer under the tropopause at 9 to 10
km. [lhese layers are relatively stable compared to the lower part of the troposphere. As an
example of an aerosol model atmosphere, Zuyev [2] has constructed the following alti' 1de-
dependent, number density-dis‘ribution-functios for aerosols:

N %, 2 <5 km

0.03: Skm =z = 15km

(6)
0.06z 4¢ km <z <20km

0.01e 79992 ; > 20 km

N(z) =) ¢.03e

where N(z) and N(0), respectively, are the number densities at altitude z and the Earth's surface
(altitude 0).

In conclusion, we can say that the most significant aspect of aerosol particles in the atmo-
sphere is their high degree of variability—in composition, size distribution, and especially in
number density. All the models in the current literature deal with a highly approximate
average-condition from which large deviations can occur in rezl situations. The manv details
of aerosol science will not be considered in this report. For a more complete study of the
physics and chemistry of aerosols, see Mason [16], Fuchs [17], Davies [18], or Green and
Lane [19).

3.2 TURBIDITY

Having examined the basic characteristics of the gases and aerosol particles composing
the atmosphere, we now consider those parameters which relate to the attenuation of radiation
passing through the atmosphere.

If a collimated beam: of monochromatic radiation is incident upon a scattering and absorb-
ing medium, then the intensity of the beam at distance x is given by

=KX

1(x) = I{(v)e (7

where I(0) is the beam intensity at the origin. The quantity x, called the volume extinction
coefficient, is equal to the sum of the volume absorption and volume scattering coefficients.
Since attenuation of radiation in the atmosphere is caused primarily by molecular scattering,
scattering and absorption by water droplets, and also by dust particles,Linke [20] proposed
that the attenuation be measured by taking the ratio of the total integrated attenuation coeffi-
cients to the pure Rayleigh lntegrgted coefficients. Thus,
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G“K R(A)dz + .[Kw()«)dz + de(k)dz
t(a) = (8)

Se—g o
ES

R(A Ydz

where KR(A), I\‘w(/\), and Kd(A) are the volume extinction coefficients for Rayleigh, water aerosol,
and dust particle scattering respectively. Thus, the turbidity, t(1), is a measure of the depar-
ture of a real atmosphere from tiie ideal pure Rayleigh atmosphere. Equation (8) can also be

written as
t=1+W+R (9)

where W is the humid turbidity factor and R is the residual turbidity factor. For a pure atmc-
spiuere free of water and dust, t = 1. Values of the turbidity vary from 3.59 for a continental
tropical air mass in the summer months to 2.16 for a sea arctic air mass in winter. Tables

of typical turbidity values are given by Kondratyev {21] for many locations and weather condi-
tions. The turbidity as a function of altitude is shown in Fig. 3 [22]; this figure was constructed
from data collected by Elterman [23] in optical searchlight measurements. The maximum near
the tropopause is the result of convective activity causing particles to coucentrate at that stable

position.

3.3 VISIBILITY

Visibility in meteorology refers to the transparency of the atmosphere to visible radiation,
Usually characterized by a quantity, V, called visual range, it depends upon the optical prop-
erties of the atmosphere, the properties of both the object sighted and its background, and
illumination conditions. Middleton [24] derives the so-called air-light equation given by

-KX =KX
L=Le +LJbe ) (10)

where I_-o is the intrinsic radiance of the ct
Lp is the radiance along an infinite path through the atmosphere
k is the volume extinction coefficient

Tverskoi {25] derives a contrast equation:

Cze ———— (11)

where C0 is the ratio of the difference between background and intrinsic radiances to background
radiances, and bois a brightnes: factor. This equation can be simplified:
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-KX
C=Cpe (12)

The visual range in km is that distance at which the relative contrast is 2%, i.e,,

tn(C/C,) = €n0.02 = e ¥V (13)
or
(n0.02 3.912
V= -2nl.ba o SR (14)

Equation (14) is usually taken as the defining equation for visual range at a wavelength of

0.55um, which is near the peak of the human visual-response curve,
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4
OPTICAL PARAMETERS

Section J considered the physical state of the atmosphere. In this section we deal with
the optical properties of che atmosphere; specifically, we define and calculate the appropriate
atmospheric optical parameters used in radiative-transfer medlels.

4.1 SCATYERING THEORY

Radiation which passes through a homogeneous medium freze of any discontinuities will
cause waves to interfere in such a way that no scattering takes place. Realistic medir. at tem-
peratures above absolute zero, however, have discontinuities such as crystal impurities, den-
sity fluctuations, and various sized particles; Eartn's atmosphere is such a medium. We
assume, moreover, that all scatterings are independent, that s, that there is no phase relation
between scattered waves. For this to be trve, the distance between scattering centers must
be at leact several times the size of the scattering centers themselves. This condition is
certainly fuifilled for atmospheric hazes and even for dense fogs. Given this r-vsizal setting,

we will now determine the basic optical quantities needed for radiative-transter analysis.

4.1.1 RAYLEIGH SCATTERING
The theory of light scattering in the atmosphere originated when Lord Rayleigh [26] found
an explanation for the blie color of the clear sky. It is ne'v known that this hue is the result of
the scattering of radiation from density fluctuations, rather than from molecules as had been
assumed earlier. If we hive a plane electromagaetic wave with electric field strength
EFt)=F oe‘&'lr -ut) (15)
where K is the complex propagation vector
r is a coordinatc position vector
w is the angular frequency

then this wave impinging upon a scattering cente: whose size is much smaller than the wave-
length cf the radiation will nroduce scattered waves ir» an effect called Rayleigh scattering.

The scattering cross-section can be obtained by integrat.ng the Poynting vector over a period
of oscillation. The result is

3 2 2
0 ) = 9"’-‘3";}2—#-3——75“ + 38 (16)
A
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where N is the molecular number density
A is the wavelength
6 is an anisotropy parameter to account for polarization effects

m is the refractive index of the medium

Of importance here is the 1/7\4 depeadence of the cross-section, a characteristic of radiation

from an oscillating dipole field.

It car also be shown that the scattering pattern is described by the following formula:
3 2 -
plces n) = 3(1 + cos” X) . (1%)

in which X is the angle between the incoming direction and the scattered direction, The func!ion
pl{cos X), which is called the scattering phase function, is normalized to unity over all 4r ster-
adians, that is,

Ip(cos x)de =1 (:8)
Q
where Q2 is the solid angle.

4.1.2 MIE SCATTERING
The scattering of electromagnetic radijation by homogeneous dielectric spheres is callad
Mie scattering. In principle, determining the scattering and absorptign cross-sections anc
the scattering phase function is straightforward. First, the wave equation is solved insidc
and outside the sphere; then the solutions are matched at the boundary to determine the con-
stants. The intensity of the radiation scattered into an angle x is given by
2 [8

I= —l

. | {19)
47 2R? b o

where R is the distance frem the sphere, and Io is the incident intensity. The scattcring

amplitudes 'SI !2 and I'S., i? are given by

e
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In Eq. (20) a ¢ and b 1 which are the Mie coefficients, are given by
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%

: W 5 () (x) - my (mx)y ) (x)
2= P TmRIT ) - (T () (@)
’ my , (mx)y ((x) - ¥ (mx)y ) (x) (22)

T Y SR 94 63)

5 i et B 215

where m and x, respectively, are the complex refractive index and size parameters —that is,

ey

m=m, - im2 and x = 27r/X when r is the particle radius. The functions ¥ 0 and ¢ g are the

Riccati-Bessel functions, and a prime indicates differentiation with respect te the argument.

The 7 2 and Ty functions are given by

3

7 (cos x) = d_.Pl(i)S_X). (23) g

£ d cos x j

and f
dn (cos X) ’

74(r08 x) = cos X 7 y(cos X) - Sin X—y oo (24) i

where P n(cos X) is a Legendre polynomial. The scattcring cross-section is

Be n e ST T e s

2
o (T, m) = ners(x, m) =%ﬁi (2¢ + I)I]aﬂlz + |bﬂ12] (25)
=1

where Os(x, m) is called the scattering efficiency factor. The total (scattering plus absorption)

cross-section is

R NG S N L

2 &
o (., m) = 7r°Qy(x, m) = EZ(ZQ +1)Re(a, + b)) (26)
Q:

ot

where Qt(x. m) is the total eificiency factor. Likewise, the absorption cross-section is then

aa(h, r,m)= ot(h, r, m) - cs(h, r, m) (27) ‘

L geeta o1 mens

with a cosresponding efficiency factor Q a(x, m). As in the Rayleigh case, a scattering phase
function can be defined:

e

P(cos X) = ——z—l—ﬂsl 4 s, ﬂ (28) E

2mx Qs(x, m)

Calculating all the functions given above for various refractive indices and size param-

eters is quite involved. Nevertheless, computer programs have been written which allow the
performai.ce o this analysis. Having obtained a program written by J. V. Dave. we used it to

27
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calculate the cross-sections and phase functions, For example, we have calculated the scatter-

ing efficiency tactor for homogeneous spheres of refractive irdices m = 1,29, 1.29 - 0.0465i,

and 1.28 - 1.37i. The results are shown in Fig. 4. It should be noted that the efficiency factor

is greatest for the real index (that is, when there is no absorption) and decreases with increasing
imaginary index. The absorption efficiency factor has also been calculated for m - 1.28 - 0.04651
and 1,28 - 1.37i. Here the efficiency factor is large for a high imaginary index and small parti-
cles. as illustrated in Tig. 5. Finally, the total efficiency factor is shown in Fig. 6 for the same
set of refractive indices. Thus, it caa be seen that efficiency factors vary strongly for different

refractive indices and size parameters.

4.2 ATTENUATION COEFFICIENTS
Knowing the cross-sections, one can then calculate the scattering, absorption, and extinc-

tion coefficients by multiplying the cross-sections by the particle mmber density. For real
atmospheric conditions characterized by haze, fogs, and dusts, there is a distribution of particle
sizes. (One distribution, characterized in Section 3.1.2, is the modified gnmma distribution.)

Thus, for a polydispersion, ore must integrate over particle size to obtain the absorption,

scattering, and extinction coefficients:

©
aA(A. m, z) =Icra A(h, m, rn(z, r)dr (29)
0 y
0
B m, z) = j”s Al m, rin(z, r)dr (30)
0 ’
D
KA(A. m, z) = Sot A(h, m, r)n(z, r)dr (31)
0 y

where @, 3, and k denote absorption, scattering, and extinction coefficients
A designates aeroscl
n(z, r) is the aerosol-particle number density at altitude z for parti.ies in size range
Ar at sizer
The number density is normalized as follows:

N(z) = Tn(z, r)dr (32)
0

where n(z) is just the total miuver density. Likewise, the corresponding coefficients for mo-

lecular scattering e~ pe found. The scattering cross-section is given by Eq. (16), and the ab-

sorption r-_ss-section is vsually taken to be that for ozone in the visible spectral region. Thus,

we have for the complete atmosphere: 28
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alA. m. s, z) = c*R(A. 2)+a,(\. m, s, z) (33)
P m. s, 2} =B 2) 3, m, s, 2) (34)
KA, m. 8.2) = KR(A, z) + KA(A, m, s, z) (35)

where we have shuwn the explicit dependence on a complex refractive index m and » particular
s1ze distribution s.

It is sometimes useful to deal with «n average cross-section for aerosols. Assuming
that the size distribution is altitude-independent, we can write Eqgs. (29), (30), and (31) as

a, A, m. z) = N(z)&a,A()" m) (36)
AaA. m. 2) = N(z)Es.A(A, m) (37)
K0, m, z) = N(z)ﬁt,A(x, m) (38)
where
%
Gi,A(}" m) = (s)oi’A(h, m, r)¥(r)dr (39)

in which the function Y¥(r) is normalized to 1 auu the index i can indicate a, s, or t. We have
computed many values of the average cross-sections for homogeneous spheres of various re-
fractive indices and size distributions. The results of this analysis will be presented later.

4.3 OPTICAL DEPTH
For radiative-transfer calculations it is usually more meaningful to deal with the dimen-
sionless quantity. optical depth in a medium, rather than with actual distances. We cefine
optical depth as
D
7(x, h) = SK(A, z)dz (40)
h

and optical thickness as

»
.—0(7\) = éx(h, z)dz (41)

where h is some definite altitude. Thus, at the top of the atmouphere (A, h=x) = 0. while at

the bottom 7(\, h=0) = 'ro(h). Optical depth can be thought of as tive distance into a medium
exrressed in units of mean free photon paths, A small o indicatex that little attenuation takes
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place, whereas a large 7, Means that the atmosphere is either strongly absorbing or scatters

much of the radiation. Optical depths can easily be obtained for Rajy!eizk atmospheres.
Elterman [27] has tabulated the results for all altitudes from 0 to 50 km and for selected wave-
lengths from 0.27 ym to 4.00 um. The optical thickness varies from 1.928 at 0.Z27 um to 0.001
at 1.67 um.

Likewise, if the extinction coefficient for aerosols is available, the corresponding aerosol
optical depths can be determined. By analyzing many experimentally determined aeroscl pro-
files, Elterman (28] has calculated the extinction coefficients and optical depths for realistic
atmospheric conditions. For a 2-km visual range, the aerosol optical thickness is 2.521 at
0.36 um and 1.053 at 0.90 um. These resvlts indicate that multiple scaiiering occurs in Earth's
atmosphere since the mean free photon paths are short compared to the actual distances

traveled.

4.4 SINGLE-SCATTERING ALBEDO
A very important parameter in radiative-transfer analysis is the single-scattering albedo,
defined as

BRir, 2) 48,0, m, s, 2)

k(\, m, s, 2) (42)

wo(J\, m, s, z) =

where k (A, m, s, z) is the total (Rayleigh plv  :rosol) extinction coefficient. The albedo
wo(k, m, s, z) is the fraction of scattering whuch can occur. Thus, if there is neither aerosol
absorption nor ozone absorption, then wo(x, m, s, z) = 1 and we have a pure scattering atmo-
sphere. For strongly absorbing aerosols, however, 3 A()\, m, s, z) is small and wo(J\, m, s, z)
can be as small as 0.09.

In order to construct model atmospheres sim ilating various degrees of contamination
resuiting from polluted air masses or varying weather conditions, we shall do the following:
(1) use Elterman's values of the total extinction coefficient k (A, z) corresponding to various
visibility conditions; (2) caiculate from the Mie scattering theory the average cross-sections
for several realistic refractive indices and size distributions, and (3) use these results to
calculate the single-scatiering albedo.

We can define an aerosol absorptivity parameter f as follows:

a,(A, m, s, z) N(z)Ea’A(J\, m, 8) Ga’A(x, m, s)

fE = v =
KAl 5, 2)  N@W, 0, 5] 3 4w, 8) “3)
Also, since
Byle, m, s, 2)
1w e ) )
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we have

ﬁR(x. z) +(1 -~ f)KA(k, m, s, z)

wo(x. m.s.z)= k(\. V, z) {(45)
which reduces to
B z)- (1 - f)aa(k, z)
-_R — -
wo(x. m.s.V.z)= KOV, 2 +1-§ (46)

Thus. we have the single-scattering albedo for a realistic atmosphere in terms of wavelength
A. refractive index m, size distribution parameter s, horizontal visual range V, and altitude z.

It is interesting to consider special cases. If there is no aerosol absorption, o A = Oand f =0or

aR(x, z)

wo(k.v. z)=1- m (47)

If there is no gaseous absorotion, ap = 0 and
Bri, 2)

wo(l.. m.s,V,z})=1-{{l - Km (48)

If there is no aerosol scattering, AS J, f=1and
AR, 2)

WV 2) = YD (49)

Finally, if there is no gas.:ous scattering, ﬁR = 0 and
aR(x, z)
wo()., m, s,V, 2) = (1 - f){1 - m (50)

The Mie scattering computer program was run to obtain values of o a, A(x, m, s) and
Et. A(A. m, s), from which the aerosol absorptivity f was calculated. This wa: done for
Deirmendjian’s haze I, (continental) and haze M (maritime), as well as for complex refractive
indices of the following:

(1.5
1.5 - 0.01i
m={ 1.5 - 0.10i
1.5 - 1.00i
\1.5 ~ i

These correspond to all degrees of absorption by aerosols, from no absorption at m = 1.5 to
complete absorption at m = 1.5 ~ i. For the former, f = 0, and for the latter,f = 1. Figure 7
illustrates the spectral dependence of ahsorptivity for various refractive indices and hazes.

To get "'exact" values of cross sections using the Mie scattering program, one would have to
34
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run the program infinitely long. However, sufficiently accurate values can be obtained after a
reasonable amount of calculation since the values tend to an asymptote. Qur program was run
until the fixed values had only a few percent change as a function of the size parameter x. De-

tails of the computational procedure can be found in Deirmendjian [10].

We can now calculate the single-scattered albedo as a function of wavelength for various
size distributions. refractive indices, altitudes, and visual ranges. Figure 8 illustrates the
spectral dependence of w, for five altitudes. This is for a refractive index of 1.5, that is, no
aerosol absorption. At the surface, wy is unity because the ozone contributlion is very small.
However, as we go up in the atmosphere, the ozone absorption band near 0.6 um becomes
quite evident. Figure 9 illustrates the same eftect for a heavily contaminated atmosphere with
high absorption. Here W, is only about 0.5 near the surface, increasing slightly as we go higher
into the atmosphere. The low value of w, near the surface is the result of strong aerosol ab-
sorption in the dense lower troposphere.

To see the effects of aerosol and ozone absorption throughout the entire atmosphere, we
will look at altitude profiles of W, Figure 10 shows the profile for a hypothetical atmosphere,
both with no aerosol absorption and with the maximum absorption. Aerosol absorption is
especially pronounced in the lower troposphere, and the relatively strong ozone absorption

occurring at higher altitudes is quite evident.

The profiles for various wavelengths are portrayed in Fig. 11 for a dense haze. This case
represents the maximum amount of absorption (aerosol and ozone) '/hich can occur. It should
be noted that in the lower troposphere most absorption occurs at the longer wavelengths, since
aerosol absorption increases with wavelength beyond a certain point (as was seen in Fig. 7).

At higher altitudes, however, the ozone band near 0.6ym dominates. Figure 12 shows the same

effect except that the case is one of no aerosol absorption.

We now turn to the more realistic conditions of partial aerosol absorption. Figure 13 il-
lustrates the altitude profile for three refractive indices: m = 1.5 - 0.01i, or little absorption:
m = 1.5 - 0.10i, moderate absorption; and m = 1.5 - 1.0i, heavy absorption. Note that there is
quite a variation in w, in the lower troposphere.

The altitude profile for W, in the first 5 km is shown in Fig. 14 for the two hazes L and M
and for various amounts of absorption. Varying the size distribution seems to have only a
minor effect on the profile, as opposed to changes in the imaginary part of the refractive in~-

Finally, we can see the effects of a change in visual range on the single scattering albedo
Wy Figure 15 shows that w o is essentially counstant as~ a function of visual range for a given
haze, increasing rapidly as the amount of aerosol decreases. As any haze (contaminated or
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FIGURE 8. DEPENDENCE OF SINGLE-SCATTERING ALBEDO ON
WAVELENGTH FOR VARIOUS ALTITUDES—REFRACTIVE IN-
DEX m = 1.5, Visual range = 2 km, haze L.
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FIGURE 9. DEPENDENCE OF SINGLE-SCATTERING ALBEDO ON
WAVELENGTH FOR VARIOUS ALTITUDES-—COMPLEX REFRAC-
TIVE INDEX m = 1.5 - 1.0i. Visual range = 2 km, haze L.
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AND WITHOUT OZONE. Wavelength = 0.6um.
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FIGURE 14. ALTITUDE PROFILE OF THE SINGLE-SCATTERING ALBEDO
IN THE LOWER TROPOSPHERE. Wavelength = 0.6 um, complex refractive
index m = 1,5 - imz, visual range = 2 km.
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not) decreases, the albedo w, approaches one char? :terizing a pure. aerosol-free Rayleigh
atmosphere. It is clear that the dominant effect results from a change in refractive index.

4.5 SCATTERING PHASE FUNCTIONS

Besides optical depth and the single-scattering albedo. the radiation field within the atmo-

sphere depends strongly on the single-scattering phase function. Assuming spnerical particles,

we have used the Mie theory to calculate phase functions for various refractive indices, wave-

lengths. and size distributions. Figure 16 illustrates the dependence of the phase function on
the imaginary part of the refractive index. It is interesting to note that for little or no ab-
sorption there is the tsual peak in the backward direction. For strong abscrption, however.
the backward peak disappears and the distribution becomes more anisotropic.

The wavelength-dependence of the phase function is exhibited in Fig. 17 for a weakly ab-
sorbing aerosol. The dependence is as one might expect from elementary scattering theory.
For shorter wavelengths the function is more peaked than for longer wavelengths. This is
also true for the backward part of the function.

The effect of varying particle size distribution can be seen in Fig. 18 for aerosols with no

absorption. As in the case of =single-scattering albedo, the predominant effect comes not from

size distribution but from ¢omposition.

Tables of the scattering phase functions for 13 wavelengths, 10 visual ranges. 4 refractive

indices, 2 hazes, and a complete range of altitudes from 0 to 50 km have been formulated for

use in computer programs to calculate the radiation field. The implementation of these results

in our radiative-transfer studies will be presented in Section 5.

To sum up, we can calculate the important basic optical parameters for an atmosphere

characterized by scattering and absorbing, spherical aerosol-particles,and by ozone absorption.

The single-scattering albedo can be calcuiated for any refractive index and particle size dis-
tribution, and we can mocdel any kind of vertically inhomogeneous atmosphere. Likewise,
single-scattering phase functions can be calculatea for any composition and size distribution.
However, for inhomogeneous, non-spherical particles, actual experimental data on the atten-
uation coefficients and phase functions must be used.
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FIGURE 16. SCATTERING PHASE FUNCTIONS AS CALCULATED
FROM MIE THEORY FOR HAZE L—COMPLEX REFRACTIVE

INDEX m = 1.5 - imz. Wavelength = 0.55um,
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5
INHOMOGENEOUS ATMOSFHERES
We now consider the case of a layered utmosphere in which each layer is homogeneous
with regard to atmospheric optical parameters. More exact formulations [29] involving per-
{vrbation techniques have dealt with the general inhomogeneous Rayleigh atmosphere, but no

one has solved the general problem for anisotropic scattering.

5.1 THE DOUBLE-DELTA APPROXIMATION
The one-dimensional, radiative-transfer equation can be approximately colved for highly
anisotropically scattering atmospheres by using the so-called double-delta approximation

[30, 31, 32] .. The resulling equations, however, are different for w # 1, becoming

dE;(T) . o
4, = 8NE(7) - R(7)E!(7) - p h()E(7) (51)
dE'(7)

= g = S(MET) - h(NE(7) + [u g(r) - E (1) (52)

for the anisotropic field. The functions g(7) and h(7) are
g(r) = [1- w ()n(7) | / ki (53)

h(7) = w (73 -0 (7)) /uy (54)

where 7 (7) is an anisotropy parameter. Simiiarly, the isotropic field E™ can be represented
by

dE:(T) " 1" )]
- g =21 [&(NE(1) - hHEXD)] (55

dE""(T) " " 3

- ° 2u [h()E(7) - g(r)E(7)] (56)

Solving these two sets of coupled differential equations with the appropriate bovadary conditions
allows us tc define the fi1 st "iterative' solution. Knowing the irradiances, we can form the

function
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E(r) + EV(7)

* 27 ®7

and insert it into the transfer equation. Representing both the single-scattering albedo wo(r)
and the scattering phase function, respectively, by the following step functions:

rl\
@ () =Z_'wix(7."_. \(7) (58"
-1 i'i-1
"lll
pl7, 1. 6. 1’y 9') = p;(1, &, 1', ¢‘)x(_ . )(7) {59)
—~ 7i-1

we then can easily solve the radiative-transfer equation for each layer.

5.2 CALCULATIONS

We now present some results of our experience in using the inhomogeneous radiative-tran--
fer equation to find aerosol absorption. Figure 19 shows the spectral dependence of path radi-
ance and total radiance for two extreme values of refractive indices. Path radiance for the
contaminated atmosphere is about one-half that for the uncontaminated atmosphere, although

spectral dependence is nearly the same. Likewise, the total radiance exhibits the same behavior.

In Fig. 20 we see the spectral dependence of path radiance and total radiance for the same
conditions as those in Fig. 19, except that the visual range is 2 km instead of 23 km. In this
case, the effect of aerosol absorption is quite pronounced in that the 'clean' atmosphere has
radiance values many times greater than those for the contaminated atmosphere.

Figure 21 illustrates the dependence of path radiance on the single-scattering albedo wy
Strictly speaking, the curves should coincide at w, = 1, which implies pure scattering. Because
of a limiting procedure in the program, hcwever, we used Wy = 0.999. The difference can be
accounted for in the different phase functions at m = 1.5 and m = 1.5 ~ 1,0i. Nevertheless,

the main effect, the strong dependence of path radiance on wor is quite evident.

The dependence of both path radiance and total radiance on altitude is exhibited in Fig. 22
for the two refractive indices For all aititudes both the path radiance and the total radiance
are greater for the '‘clean' atmosphere than for the dirty one.
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FIGURE 19. DEPENDENCE OF PATH RADIANCE AND TOTAL RADIANCE

ON WAVELENGTH FOR HAZE L-—VISUAL RANGE = 23 km, Altitude = 1

km, solar zenith angle = 30°, nadir angle = 09, target reflectance = 0.1, back-
ground albedo = 0.1, complex refractive index m = 1,5 - imz.
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FIGURE 20. DEPENDENCE OF PATH RADIANCE AND TOTAL
RADIANCE ON WAVELENGTH FOR HAZE L— VISUAL RANGE =2
km, Altitude =1 km, solar zenith angle = 309, nadir angle = 0°, target
reflectance = 0.1, background albedo = 0.1, complex refractive inde .

m=15 - im2.

52

e S - b SN VMR o A i

R ¥ 3 o

g iT e AL




RRGEEr - i ; PR

-— e

FORMERL Y WILLCW RUN LABORATORIES TitF L JZRSIT) OF MICHIGAN

e

10—

oo e,

PATH RADIANCE (mW/cm2-sr-um)

=7 L] i 1 | 1

- == m, =10

FIGURE 21.

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
SINGL.E-SCATTERING ALBEDO (wo)

DEPENDENCE OF PATH RADIANCE ON SINGLE-SCAZTERING

ALBEDO FOR HAZE Y. Wavelength = 0.4um, solar zenith angle = 30°, nadir
angle = 09, visual range = 2 km, target reflectance = 0.1, background albedo =

0.1, complex refractive index m = 1.5 - imz.
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background albedo = 0.1, complex refractive 1ndex m=15- imz
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The sarae situation is considered in Fig. 23,except that the visual range is 2 km instead of
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23 km. In this case, we note a large difference between the path radiances and {otal radiances
for the two refractives indices. Also, one should notice the rapid change in radiance with
altitude, an easily understaindable effect evident in passage through onr heavily contaminated
lower troposphere, Figure 24 shows the same conditions as in Fig. 23, except that we consider
the variation within the first 5 km.

Figure 25 illustrates the dependence of path radiance on aititude in the lover troposphere
for several refractive wndices. It is clear that even a small amount of absorption can change
the path radiance by a significant amount. The results are qu.te sensitive to the i waginary
part of the refractive index, especially when 0.01 < m, < 0.10.

Figure 26 portrays the variations with altitude in path radiance, attenuated radiance, and
total radiance for the cases of no absorption and heavy absorption. Recall that

L.=L, +L

T TA P (60)

where L A the attenuated radiance, is the product of surface radiance and transmittance. In
this case of a heavy haze {that is, for a visual range of 2 km), path radiance increases rapidly
with altitude for a ''clean’ atinosphere, and attenuated radiance decreases rapidly. The com-
binaticn produces a total radiance which at first decreases, then reaches a minimum, and
finally increases to its asymptotic limit. In the case of heavy absorption, all radiances are
lower.

Finally, Fig 27 illustrates the behavior of path radiance as a function of the nadir view-
angle for different refractive indices. The peak occurs at an antisolar angle of 30°. Again,
contaminated air produces small values of radiance.

These results clearly show the large differences between radiances for "clean' and "dirty"
atmospheric conditions. The index of 1.5 represents a silicate haze, not uncommon in various
par:s of the world, The index of 1.5 - 1,0i is quite similar to that for soot particles found in
the contaminated air of urban areas. Typical refractive indices for various aerosols are pre-
sented in the work of Kondratyev et al., [ 33] for the 0.40- to 15.0-um wavelength region;
they confirm our original assumption of a very weak spectral variation in the refractive .ndex,
at least for the visible and near-infrared regions.

In conclusion, we now have the ability to model any kind of contaminated atmosphere char-
acterized by aerosol and ozone absorption. The radiation field can vary considerably, depend-
ing upon the degree of contamination as represented by refractive index and particle size,
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For remote sensing appi:cations, in situ measurements of the air would aid in the definition
of aerosol content and, hence, would »llow us to calculate the basic radiometric quantities,

FORMERLY WILLOW RUN LABORATORIES THE UNIVERSITY OF MICHIGAN

transmittance, irradiance, and radiance. If such measurements are not feasible, then we could
look at multispectral scanner data corresponding to the anti-solar direction in order to obuain
some knowledge of the phase function. This would help in the estimation of aerosol composi-

tion. Also, laser scanning or lidar techniques could be employed to determine the s:2me quantity.

61

A G e de o i MREER N Vel o

LT ErIeeiUr ¢ R UON

A%

EYRE ST VIR T T

Nk am N s e

BN L

P N

JETCTE SV SN PEIN

3
3
&
i
§
3
3
%




D ERIN

FORMERLY WILLOW RUN LABOR:. TORMES. THE UNIVERSITY OF MICHIGAN

MULTIDIMENS'ONAL RiDlATIVE TRANSFER )

In considering the transfer of rudiation, we can assume a plane-~parallel atmosphere if we
exclude satellite remote sensing at very high altitudes. Almost all analysis in radiative-
transfer theory has dealt with a one-dimensional plane-parallel a.mosphere, that is, one in
which the optical parameters, @ and 7, and phase function, p(cos X), vary only ir the direction
perpendicular to the surface. It has been further assumed that the lower surface is a perfectly
diffuse one which is homogeneous in a horizontal plane. These simplifications are sometimes
necessary in order to solve the radiative-transfer equation. Although assuming that W T and
phase functions vary only in the vertical direction, we will consider the surface to be a non-
homogeneous Lambertian type. This set of assumptions will enable us to calculate the influence
of background reflectances on tie target radiance.

6.1 GENERAL THEORY
The general, three-dimensional, time-independent, radiative-transfer equation for an
atmosphere which is plane-parallel, scattering and absorbing, but non-emitting is as follows:

G- LR, ) = -«BLE, 9) + "—:-;@ Sp(é-ﬁ)i(ﬁ, Q') el (61)

Q .

PP PN

- - N
where Q' is the unit vector in the direction of the scattered photon at positicn R, and L(R, ) is
the total spectral radiance, that is, the sum of the direct solar component and the diffuse com-
ponent.

The first term on the right-hand side represents a loss of energy along a path, whereas
A
the second term represents the sum of all energy scattered into the directionQ, For = one-

dimensional atmosphere, this can be written as ‘

271
dL wO(T) ] ' ' v [ 1
pgr = U ou 8) - =) Yo7, b, @, 4", $NLAT, p', #7)du" dé \
0 -1
H
wo(.‘) -'r/uo :
= 47 Eoe p(“, ¢v -“ol ¢°) (62) N

where 4, ¢ define the angular coordinates of the scattered radiation
p(7, n. &, u', ¢') is the single-scattering phase function -
Eo is the extra-terrestrial solar irradiance of the top of the atmosphere
Bo ¢ o define the angular coordinates of the sun

One can immediately find a formal solution to the integro-differential equation above by

i
3
i
)
5
%
b

using an integrating factor; the solution is
62
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-(-‘o-r)/u
LD(T. B )= LD(TO. u ¢e

27 1 o
wo ' [ ( '(7"7)/“ ) ' ' * v '
+m§§p(ﬂ.¢.ﬂ,¢)§e LDh,u.cb)d. du'de
0 -1 T
W Eoplis, & - s 8 ) ~7iuy =T /by (7 -TVu
+ — e -e e (63)
47(p + u)
for the upwelliug radiance. The downwelling radiance is given by
L. < 8) = L (0, - ¢)e” /¥
D T. U LD v "l
w 27 1 7
__o - 1 a0 '(T"-')/“ ' ' 'y et ()
+4ﬁ-u-§SP(u,¢.u~¢)je Ly(7', u', ¢')d7" du’ dé
0-1 0
wuE pl-p b, -p,6 )/ _, ~7/u :
00”0 o Yo’ (-7/u _ o\ ‘
+ ey pram “oj (e e >, TR {64)
There are two general boundary conditions:
L(o' B, ¢) =0
271
L(To' . ®) = é iu'p'(uv ¢, -u', ¢')[L(70' -4 @) + LS(TG. -u', ¢')]du'de {(65)

whereg{;s. ¢, u', ¢') is the bidirectional reflectance of the surface. Thus, Eq. (62). to-
gether with the bou dary conditions, can be used to calculate the complete radiation field in
a plane-parallel atmosphere having horizontal homogeneity.

6.2 THE UNIFORM DISK PROBLEM

We can study the effects of background on target by considering a uniform disk with a
perfectly diffuse reflectance which is surrounded by a Lambertian background surface with a
different reflectance. First, we shall consider an isotropic scattering law and calculate the
singly-scattered surface radiance, the singly-scattered solar radiance, the doubly-scattered

solar radiance, and the attenuated radiance. Secondly, we shall calculate the same quantities
for an anisctropic scattering law.
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6.2.1 ISOTROPIC SCATTERING
Using the one-dimensional sclution of Eqs. (63) and (64}, we can impose a coordinate sys-

FORMERLY WILLOW RUN LABORATORIES. THE UNIVERSITY OF MICHIGAN

tem and obtain a solution for the case of a uniform disk surrcunded by a spatially infinite, uni-
form ba kground surface. The appropriate geometry is illustrated in Fig. 28. Let us assume
that an observer is located at altitude h corresponding to optical depth 7 and is viewing the
origin of the coordinate system, i.e., the center of the disk. Radiation emanates from point S
on the surface, is attenuated as it propagates to point Q, is scattered into direction QP, and
finally is attenuated to the point of observation at P. Mathematically, we iterate the integral
equation once for single scattering. Assuming isotropic scattering that corresponds to a very
light haze condition. we have for the result

(7 -7) wupE -t/ -7 fu_ (1 _~7)
o

wor - - 2 -(70-")/uc
+ Z—H,EweE_(oe) - oiE_(oi;} S i@ -7, - 7')E1[(70 - T')/uc] dr'
woo. ~(7°—T)
+ EpeE—(oe) 1+ (70 -7-1e - ('rO - T)El(-ro -7)
wguoEo 7o/t L-p,  ~(7,-7) 1-p,
r—g-—1e uoln i +e -1- (TO -T+ ‘“o)El(To -7) - u Ei i 7o
-/1 + 11 1+ 1-4
o 0 ) . o
+e plolz=——1+u E Nr_-7) +u Ei T
[o C u0> o1l o ™ o B,
+e T - e-ro (7~ p)E(T )~ (7 - u)E, () (66)
Mo Yo'V o ol |
where B = z

¢ \|R2 + g2
E1 and ki are exponential integrals

The first term represents the radiation from the center of the disk attenuated to point P. The
second represents the singly-scattered solar radiation. The next two terms represent the
surface radiation being singly scattered and attenuated to point P. And the last term is the
doubly-scattered solar radiation.
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A more advanced case has also been deveicoped for both a finite solid angle of view and
small scan angles. The correction term to be added to Eq. (66) is too involved to present here,
but results of the analysis will be. The geometry is illustrated in Fig. 29. The view angle of

the sensor is { steradians, altitude is h (in km), visual range is V, interior Lambertian disk

FURMERLY “YILLOW RUN LABORATORIES, THE UNIVERSITY OF MICHIGAN

reflectance is Dy and exterior Lambertian backgr.und reflectance is P In our analysis the
solid angle 2 of the sensor is assumea 1o be 2.5 mrad: the reflectances used are illustrated
in Fig. 30. In Fig. 31 we see the singly-scattered surface radiance for black, blue, red, and
white disks on a green vegetation background. Radiance with the black disk is essentially
that for green vegetation (as expected); radiance with the blue disk is slightly higher for

0.4 = A = 0.65 um because of the higher reflectance of the disk. For a red panel with a peak
in the reflectance curve near 0.65um, the radiance is slightly higher than for a black disk at
longer wavelengths. For short wavelengths (i.e., 0.4 = = 0.55 um) it is essentially zero.
Finally, for a white disk the radiance is much higher than for a black or colored disk, but it
generally follows the spectral shape for green vegetation.

We can now examine the effect of ever-increasing disk size on singly-scattered surface
radiance. Figure 32 illustrates this effect for a black disk on green vegetation for disk radii
of 10m, 500m, 1000m, and 5000m. For the smallest disk the radiance is similar to that for
green vegetation, whereas for a disk of 100 times that radius, the radiance decreases by a fac-
tor of 8. This illustrates the strong dependence of surface radiance on disk size. Visual
range is 2 km.

Figure 33 is the same situation, except that we now have a white disk on a green vegetation
background. It should be noted that the effect is just the opposite from that of the black disk.
As disk size increases, the radiance increases because it 1s dominated by the high reflectance
of the white disk relative to the lower reflectance of the background. Also, for small disks the
curves are similar to those for green vegetation, while for large disks the curves approach
the spectrally flat white reflectance, biased (of course) by the intrinsic spectral properties of
the atmosphere.

These effects are illustrated in a more meaningful way in Fig. 34. Here the singly-
scatterec surface radiance is presented as a function of disk radius for several wavelengths
by the lower reflectance of the disk. At the peak of red reflectance (A = 0.7 um), however,
radiance increases because the disk reflectance is higher than that for green vegetation at that
wavelength, After a radius of about 5 km, the interference effect hardly changes.

We can now consider the relative magnitudes of various components of the total spectral
radiance received by a sensor. Figure 35 illustrates the relative magnitude for a black disk
on a green vegetation background. Lsur is the singly-scattered surface radiance, I.SS is the
singly-scattered sky radiance, Lds is the doubly-scattered sky-radiance, and Ltot is the sum
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FIGURE 28, GEOMETRY FOR ISOTROPIC SCATTERING WITH A
UNIFORM SURFACE

—R —=|

FIGURE 29. DISK GEOMETRY FROM EQUATION (66)
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FIGURE 31. SINGLY SCATTERED SURFACE RADIANCES OF COLORED DISKS
ON GREEN VEGETATION BACKGROUND. Disk radius = 10m, visual range = 2
km, altitude = 1 km.
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FIGURE 32. SINGLY SCATTERED SURFACE RADIANCE FOR
BLACK DISK WITH GREEN VEGETATION BACKGROUND. Visual
range = 2 km, altitude = 1 km.
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of these components. La“. the directly attenuated component, is zero in this case because the
resolutior. elcment lies entirely within the black disk. The peak at ).5um resuits primarily

FORMERLY WILLOW RUN LABORATORIES THE UNIVERSITY OF MICHIGAN

from the peak in extraterrestrial irradiance at the top of the atmosphere. Dominating every-
thing is the singly-scattered sky radian-e.

Now we can examine the case of a white disk on a green vegetation background ‘see Fig. 36).

Here L,‘m is not negligible: in fact. it is the dominant term. The singly-scattered surface radi-

ance is also not negligible, compared to sky radiance (at least for long wavelengths).

In all of the analysis sc far. only isotropic scattering has been considered —which prob-
abiy tends to overemphasize the surface contribution. In a2 more advanced treatment we con-

sider anistropic scattering, as well as various geometries.

6.2.2 ANISOTROPIC SCATTERING
We can now consider the more realistic, but also more complicated, case of aniso.ropic

scattering. Iterating the formal solution for upwelling radiance produces the following:

-(70-7)/;1 w,H.Eq “tluy -7 /Il (7=
L{7. u ¢) = L(To. u. e ,mp(u b - u, ¢)[ -e J
w, 221 Vi -(‘0- Vu
+-?;fj (4. @, u,¢)j ey ¥ .u ¢'e d7' dy' do’
0 -

221

w wuoEo

‘“fj'p(u.os o', ¢)fmp(u¢,-uo,¢o)’<
0

-1

-7/ -t /u_ (7 _-7' /p"i
[e ° 00 © =" an' do’ (67)

Jd

¢ first term on the right-hand side represents the directly attenuated surface radiance: the
second is the singly scattered solar radiance: the third is the singly-scattered surface radi-
ance: and the last represents the doubly-scattered solar radiance. We can immediately evalu-
ate the first and second terms by using actual phase furctions: for the last term we can make
use of the isotropic scattering law. For the third term. however, we must consider an approxi-

mation for the phase function.
l.et us represent the phase function by the following:
n-l  -a/u

pin) = $7 Cle + Cn (68)
&
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where (fi Cn’ and a, are constants to be determined. We will attempt to fit the phase function
in the region 0° to 900 with the first part of this function and the last half from 90° tc 180°

with the constant term Cn' This is reasonable since (1} only the first half of the phase function

is used in the disk problem, and (2) the last half of the phase function is almost constant anyway.

At the origin. or when +# = 00

n-1 -ai
p(1) p, =Z Cie 's+cC (€9)
i1

Since the phase function is azimuthally symmetric, we have the normalization

1
2 pla)dy = 1 (10)
-1

This becomes

n-1
1/2 Z“C.E (a)+C_ =1 (1)
i7271 n
i=1

when EZ(ai) is the exponential integral, that is,
-zt

e——-—dt (72)
t

E (z)

— -—'-.8

The a, can be determined by using an iteration scheme. The results of this fitting procedure
are illustrated in Figs. 37-40 for A = 0.40 and 0.90 gmand for m = 1.5: and m = 1.5 - 1.0i.

Taking # = 0°, or p = 1. we have for the singly-scattered surface radiance:

37 E )ZC (rg ‘[' '(7'-7)“ce (a Ty T')/u

i=1 L T

Lsur (. 1. “):

e-—(.‘ _T)(“i Ty " 7')El[(ai T T')/uc]dT'\JL

E (7 )ZC [(a + 7 —7-1)El(ai+7°-.-)

'
=) ey oﬂ

(v -7) ~(a+7 -7) fa,+T -7
+(a - DEja)e ® +e ©° m(—‘—-;"——)] (13)
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FIGURE 37. EXACT AND APPROXIMATE SCATTERING PHASE
FUNCTIONS FOR HAZE L AT A WAVELENGTH OF 0.4um AND
REFRACTIVE INDEX OF 1,5
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FIGURE 38. EXACT AND APPROXIMATE SCATTERING PHASE
FUNCTIONS FOR HAZE L AT A WAVELENGTH OF 0.9um AND
REFRACTIVE INDEX OF 1.5
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FIGURE 39. EXACT AND APPROXIMATE SCATTERING PHASE
FUNCTIONS FOR HAZE L AT A WAVELENGTH OF 0.4um AND
COMPLEX REFRACTIVE INDEX m OF 1.5 - 1.0i
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2z  +R

Equation (73) has been used to calculate the singly-scattered surface radiance for combinations
of spectrally black, gray. and white disks with black. gray, white, and green vegetational back-
grounds. A black surface is assumed to have a reflectance of 0 at all wavelengths, the gray
surface a reflectance of 0.5. and the white surface a reflectance of 1.0. The green vegetation
background has a reflectance as given iu Fig. 41{30]. For comparison, Fig. 41 2iso shows the
spectral dependence of the extraterrestrial solar irradiance at the top of the atmosphere and
the product of that irradiance with the reflectance of green vegetation. The resulting curve
represents the spectral dependence of the intrinuic radiance for a green vegetation surface
with no atmosphere. As expected, it is dominated by the spectral character of the vegetation,
at least for the visible part of the spectrum.

We will now consider the case of black and white surfaces for varying disk cadii. It will
be assum~d *hat the instantaneous field o! view is a circle subtending a ralf angle of 2.5 mrad
at the detector. Thus. at an altitude of 1 km the field of view on the su:face is a circle with a
radius of 2.5m. The variation in singly-scattered surface radiance with disk radius is illus-
trated in Fig. 42 for an atmosphere with a light haze. For the case of a white disk and a black
background, the sensor "sees' both a small white disk at R = 1m and also a larzer circular
ring of black suriace; in addition, the radiance is low. As disk radius increases, radiance
increases until it reaches a value appropriaie to a co.nplete white surface. This occurs at a
radius of 1 km. The opposite case is also presented, that is when there is a biack disk and a
white background. At small radii the strong influence of the white backgrounc is quite evident,
even when the disk has a radius of 10m,or four times the field of view.

The same situation is shown in Fig. 43 for the case of a very ha7y atmosphr.re. Note that
the radiances here are almost an order of magnitude greater.

Next, we can see the effect of changing the surface field of view by varying the altitude
and keeping the disk radius constant at 12,5m. Consider the case of a white disk with a black
background (see Fig. 44): as the altitude increases the radiance increases. since more surface
is being observed. However, at an altitude ol o km the sensor "sees" the beginning of a black
surface and the radiance decreas.s. At an altitude of 10 km the black area is four times the
white area and the radiance falis to a very low value. For the case of a black disk and a white
background, the radiance gradually increases as a function of altitudc up to an altitude of 5 km,
indicating the influence of the white background outside the field »{ view. Beyond 5 km altitude,
the sensor "sces' 4 white surface and the radiance increases r:gidly.

In Fig. 45. the same situatiun is represented, except that the atmosphere is quite hazy

An interesting effect becomes evident in this case. As the altitude increases, the radiance
80
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from a white disk ncreases up to au altitude of about 0.9 km, after which it gradually decreases.

FORMZR_Y WILLOW RUN LABORATORIES. THE UNIVERSITY OF M CHIGAN

This is due to the fact that as altitude increases. more radiation .s included in the acceptance
cone of the sersor. However, attenuation is also taking place. As a result, after a certain
altitude more radiation is lost by scattering out of the ficld of view than is being scattered into
the field of view. At an altitude of 5 km, for example. the sensor "sees" the bluck surface and
the radi.nc: decreases more rapidly. A similar effect is noted for the case of a black disk with

a white bac'tground.

We now turn to the cases of black, gray, and white disks with a background of green vege-
tation. Figurc 46 illustrates the variation in singly-scattered radiance with wavelength for the
r2oe of a bluck disk. Referring to Fig. 41. we see that the radiance essentially has the spectrai
dependence of the product curve {c. all disk radii. For radii of 10m and 100m, the ..ctual
scattering phase function is g.  ‘er tha the isotropic phase function for all angles appropriate
to those disks: henc~ the rac'ances are greater. For a disk radius of 1000m, however, the
maximum ang'c ~{ 5 terin, at the edge of the disk is 45°. At this angle the actual phase func-
tion is almost the same as the isotropic phase function; therefore, the radiances for the ‘so-

tropic and the anisotropic cases are almost equal.

Figure 47 illustrates the same situation, ¢xcent for a white disk. Here the curves are
reversed as far as radius is concerned. For large radii the curves have a general behavior
characteristic of the solar spectrum because the effect of the vegetation background is small;
for a radins * 10m. however, the effect of the vegetatior. becomes noticeable. The anisotropic
case ' 's mo peciral variation than the isotropic because the actual scattering phase func-
tir - " the furmer are dependent upon wavelength, whe :as the isotropic phase function of the

1o+ .s no spectral dependence.

We can now sirulate the case of a sensor in space or at an altitude of 50 km, which for
all practical purposes is at the top of the atmosphere. Figure 48 illustrates the spectral JCe-
pender.ce ol -ingly-scattered surface radiance as a function of disk radius for a gray disk.
Here tne effect ¢ background on target is clear. The field of view i> a circle with a radius of
125m. For radii smaller than this, green vegetativn as well as the gray disk can be seen; in
addition, the curve has the spe.tral dependence of green vegetation. At a radius of 1000m the
dependence is more closely related to the so'ar spectrum.

Figure 45 shows the sume effect as for the pr ~vious figure, except that the atmosphere 1s
very hazy. In this cac: the radiance is lower at shorter wivelengths because of the greater
probability of sc' tering vut of the field of view,

In Fig. 50 we sve the variation of singly-scattered surface radiance . h wavelength lor
black, grav, and white disks, each with a radius of 1000m. For a black disk the only spectral

variastion than can arise is trom the green vegetation batkground, The rather large 50-percent
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gray Jisk removes this spectral variation and therefore the radiance is essentially the same
as that for a white disk except for magnitude.

Figure 51 illustrates the same situation, except for a very hazy atmosphere. Again, the
radiance at shorter wavelengths is lower due to high attenuation.

Finally. we can compare the various radiance components (that is, the singly-scattered sky
radiance, the doubly-scattered sky radiance, the singly-scattered surface radiance, and the
sum of these three comr cnents) for a black disk and a green vegetation background (Fig. 52).
The singly-scattered sky radiance is calculated using the actual scattering phase function; the
doubly-scattered sky radiance is determined using the isotropic phase function: and the singly-
scattered surface radiance found via the exponential phase-function approximation. The only
spectral variation in the sky radiances arises from the solar spectrum. The surface term is
small compared to the other radiances, but this is true oniy because the black disk is so large.
For smaller disks the surface radiance increases (as was seen in Fig. 46). Thus, the irfluence

of outside ref’ectance is significant for various disk reflectances and sizes.

Figure 53 illustrates the same condition, except for a vary hazy atmosphere. In this case,
the surface term is less important —an effect which is surprising. However, this is for a sen-

sor at a 50 km-altitude, where the sky radiances are larger than at lower altitudes.

In conclusion, we can say that background surface definitely affects target radiance, the
amount depending upon the relative size of the target and the field of view. For most cases,
the anisotropy of scattered radiation is not too important as far as magnitudes of radiance are
concerned; it is important, however, for the consideration of spectral dependence.

€.3 THE INFINITE STRIP PROBLEM

Only in the last few years have investigators tried to find solutions to the multidimensioral
transport equation. Approximate methods using Fourier transforms have been developed by
Williams [34]. Garrettson and Leonard [35]. Krper [36], Erd: ~2nn and Sotoodehnia {37/, and
Rybicki [38]. We shall use a similar technique to solve the t -dimensional rcdiative-transfer
equation for an infinite strip.

Consider an infinite strip with a reflectance p and a background with reflectance p, as il-
lustrated in Fig. 54. The position vector R is

R = (x. y. z) = R(s1n 7 cos ¥, sin n sin ¥, cos n) (75)
and the unit vector ﬁ is

5‘ = (Q‘(, Qy' Qz) = (sin 0 cos ¢, sin # sin ¢, cos ) = (&, v, p) (76)

The radiative-transfer equation becomes
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, 211
- *% plu ¢, u' ¢ )L, z, u's ¢ ")dy'de’
0-1

We can now define a Fourier transfer for the x coordinate,

be o7
L{k. z. p, ¢) = Lelka(x, z, 4, ¢)dx

with an inverse
oo}
L(X. z. . ¢) =21—n Se“k"i(k, z, u. ¢)dk
-
Taking thz Fourier transform of Eq. (77) leads to the following equations:

_ . -(To-'r-ez)/u
. L(k. z. y, ¢) = L(k, U, 41, d)e

- gg—eé(k) o772 i gy a2

7
.
O b33

z
"7"/11 ' '
+ 9(_19.30,)(“, é. -l ¢0)Sﬁ(z')e oe[T_T +elz-2 )]/“dz‘

2u
0
27 1 Z
\ + 4;1; Sp‘.u. ¢, ' (b':jﬁ(z')e[T'T *e@2M /ML, 20, 0, ') du'do ' dz’
E 0 -1 0
[ 0]
_i Lix. z. -1 ¢) = -_2‘_:““.5(1{)‘{6[7 -T+e(z -z)]/uuw‘ 2', -y, ¢)dz’
z
4} - y - ) ° -7' ' \
’ . (k)Eop( H?¢ “0 ¢°) Sﬂ(z')e T /I‘oe[T —r+€(z _z)]/udz'
L ‘H z
27 1 o) 4
: +%u§ S Pl 1, 6. 4, ¢')5H(z')e[’ e D L 2w, ) au dg' dz
0 -1 p
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where € = ik = ik V1 - u2 cos ¢, and L(w. z, u, ¢) and I , z, ~u, ¢) are the asymptotic so-
lutions which coincide with solutione for the one-dimensional problem. By iterating the atove
equations, applying the boundary conditions, and then by taking the inverse Fourier transform,

one obtains the solution for the two-dimensional equation. This has been done, but the resulting

mathematical expressions are too involved to be presented here, except for the most interesting

par’ dealing with the surface term. Let us consider that term.
For a Lam:ertian surface, L(k. C,u )= i.(k, 0), and the iterated (first) term beco..es

2r 1

Lk z, ;. 6)= ZTIFJ S P, ¢, 1. ¢') Bz exp [7 - T + €(z - 2')] /i Lik, 0)

N

xex,. -[7_- 7" -¢€'z')/udy deo' dz’' (82)

The integration over ¢ ' is

27 - l———z
j exp(e'z'/uNde!' = 2nJor-'5——L,'—“l-] (83)
0

where Jo is the zero-th order Bessel function. Nuw, let us represent the scattering phase

function by

n -kj/“'
N S I e (84)
j:
Eence,
Z 1
~ T " r ] -a/"‘l' ' |
Lk, 2.1, ) = H& ’)S“c.)ﬁ(v')ef 7 Je J [Ez——-h \ ’J—'}du' dz' (85)
— ] 2 7o M
-1 0 o “ -

a=\+7 -7
where x] o

The integration over u' can easily be accomplished by .sing a Laplacz transform:

) A oy iy Ny
Lk, z, 1,¢) = }—(%-22 C]~Sl'3(2')eT-7 : dz' (86)
i= 0 ‘Vﬂ + k"z'

Tt can be shuwn® that

*See Appendix A.
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L(k. 0 - 27¢ 2 + [0E(p) - pE(p)]

oy sin kx _
G a o

Taking the inverse Fourier transform of Eq. (86) then leads to the following:

P F TR
5E@ . o 1" B(z ) \
ez bt =Bye 0 ) G it
i=1 ol °

z

I, .

+ IL’E&Z)_,‘_{OE. ()] C SBE:, )eT_T' [M(z'", x + xo) -~ Mz, x - ::0)} dz' (88)
Mo

where

M(z', ¢) =J§KO[LY\J(C/Z')2 + 1]d§ (89)
0

in which Ko is the modifiea Bessel function. The lin:its for M are
- '
M(z', 0) = 0; M(z', ) = re % (50)

Therufore, the numerical integration of Eq. (88) will give the spectral radiance for a downward-
lonking observer at any poiat in the atmosphere. In particular, we would be able to simulate
the response of a sensor as ic passes over & natural boundary between two dissimilar surfaces
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7
CONCLUSIONS AND RECOMMENDATIONS

As explained in Section 3, Earth's atmosphere has a high degree of variability. In the
:awer part of the atmosphere (that is, for altitudes less than 5 km, aerosol density can be very
high and quite variable in both composition and distribution of particl: sizes. Visual range
allows estimation of the aerosol content of the atmosphere but not of composition nor distribu-
tion of particle sizes. It is recommended that the atmosphere's spectral optical depth at the alti-
tide of the s nsorbe measured and that the spectral optical thickness alsobe measured. This can
bedone by ns mitoring solar irradiance at the sensor altitude and the surface. Optical depth is a
"ore mean’ . lparameter than visual range in radiative-transfer studies. In investigations of
{* *ye-scale remote sensing by satellites, another quantity which canbe used is atmospheric turbidity
.alues of which are becoming available from many measuring sites in the United States.

In Section 4 we investig...ed the effect of composition and size distribution of aerosols on
the single-scattering albedo and the single-scattering phase function. Changes in aerosol com-
position characterized by the imaginary part of the refractive index can considerably alter the
single-scattering albedo. Of less importance is the change in size distribution. The single-
scattering albedo is relatively insensitive to visual range up to about 20 km. This is true
regardless of the degree of contamination (as expressed in terms of the refractive index).

Similar effects were found for the single-scattering phase functions. The change in size
distribution did not have much effect on the shape of the phase function, but changes in the
imaginary part of the refractive index did produce significant differences in the phase function
at large angles. This suggests that lidar techniques might be employed to measure the back-
scatter coefficient (or the phase function at 180°). In turn, this would be useful in estimating
the composition of aerosols.

In Section 5 we extended the current radiative-transfer model to include absorption. The
single scattering albedos and phase functions calculated in Section 4 were then used in the
radiative-transfer equations to determine spectral path radiance and total spectral radiance
for various degrees of contamination. Radiances can change by at least a factor of six between
a "clean" atmosphere and a strongly absorbing one. The actual atmosphere probably lies
between these limiting cases. The variation in path radiance with nadir vicw angle is not great-
ly affected by dezree of contamination, but the magnitude can differ by factors of four or five.

In Section 6 we considered the effect of background reflectance on radiance from a target
element. First, a number of colored disks were chosen as the target with green vegetation as
the background. Since this was done assuming isotropic scattering, the spectral variation

actually was not realistic.

100

R s s ekt S

——

:
é
i
)
3
!
i
i
h
i




| omer e e

Y ERIN

FORMERLY WILLOW RUN LABORATORIES. THE UNIVERSITY OF MICHIGAN

We also considered the more realistic case of anisotropic scattering by fitting actual cal-
culated phase functions to an approximate exponential formula. The fit was surprisingly good,
particularly for the angles of importance. These phase functions were then used in the single-
scattering formulas to calculate singly-scattered surface radiance for a variety of situations.
We found that background definitely influences the target and that the amount of influence de-
pends uponthe relative size of the targetand thefield of view, the relative reflectances of target
and background, and the visual range. Although this influence of surface radiation is usually of
lesser importance than that caused by radiation from the sky, in the case of large surface
reflectances the effect is of equal importance. The result is that signatures based upon an
analysis which excluded surface interaction could lead to inaccuracies in the recognition pro-
cessing of multispectral data. Specific algorithms can be developed, however, to account for
this effect and correct the data.

Finally, we investigated the more general problem of determining the radiance at any point
in the atmosphere at which the surface . a non-uniform Lambertian reflector. For simplicity
we assumed an infinite strip with one reflectance and a background with another. Thus, we
simulateqd «ne case oi an aircraft or spacecraft moving across the boundary between two dis-
sinilar surfaces. A mathematical expression was obtained for the singly-scattered surface
radiance as a function o’ distance from the strip, altitude of the sensor, reflectances of the
surfaces, and atmospheric parameters. A numerical integration of the equation is necessary
for realistic atmospheric conditions.

We highly recommend that specific flights be made to collect multispectral data for sit-
uations approximating the geometric and physical conditions used in the analysis of this report.
Simple experiments will allow us to estimate the degree of contamination, and hence determine
the variance in radiance. Likewise, the effect of background on target radiance should bhe inves-
tigated for the simple geometric conditions we have described.

Strong gaseous absorption effects in the infrared have been excluded in this analysis, but
they can be considered by unifying the results obtained here with the ERIM band model for gas-
eous absorption. The unification of these two models would be particularly advantageous for
remote sensing applications. Since there is a high degree of variability in the reflective and
emissive properties of natural materials in the infrared region, a unified model which accounts
for scattering and absorption by aerosols and gases could be used to correct multispectral data
over the complete visible and infrared spectral regions.

In view of the development and use of meterological satellites, we now can obtain meaning-
ful information on the actual state of the atmosphere at various locations and times over the
entire globe. If such information were readily available to investigators they would have a more
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efficient and economic means of applying atmospheric conditions in the processing of multi-
spectral data. Therefore, a cloger relationship between meteorological investigators and the
earth-resources remote sensing community is highly desirable.

As a result of the knowledge and insights gained in this investigation we can now interpret
real multispectral data in a more meaningful way. By means of techniques developed in this
report, calculations based upon our present radiative-transfer model can be implemented to
generate algorithms for the correction of real data for systematic atmospheric variations.
Also, variances in multispectral data resulting from atmospheric effects can be simulated in
a more realistic way. '
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Appendix
FOURIER TRANSFORM DERIVATION

The Fourier transform of intrinsic radiance t the surface is derived as follows.

i(k, 0) = feikx L(x, 0)dx
w0

where 0 implies zero altitude. Now, by definitinn the radiance is

27 1 :
L(x, 0) zf f“'p'(x) u, ¢, -p', ®')L(x, 0, -u', ¢')dp'do .
00 :

which, for a Lambertian surface, becomes
oK) x) 3
j
Hence, 3
- —xo xO _ . = j
L(k, 0)= sE(ﬁ) felkx dx + QE_T—(Q‘[ e dx + Mi )fe‘kx dx ]
-0 -xo xo
PP 2sin kx 2 sin kx ;

) QE(Q)[2 sin kM _ o], pE(p) 0

7 K Y % m - 3
3
b

n k

(=50 ink
=27 {&M + [pE(p) - ﬁE(B)]S . x“}

103




D RN

[ A

10,

11.

12,

13.

14.

15.

16.
17,
18.
19,

20,
21,

FORMERLY WILLOW RUN LABORATORIES TrE UNIVERSITY OF MICHIGAN

REFERENC. 8§

R. M. Goody, Atmospheric Radiation, Oxford University Press, New York,1964.

V. Ye. Zuyev, Propagation of Visible and In.rared Waves in the Atmcsphere,
NASA TTF-1707, NTIS, U.S. Department of Commerce, Springfield, vVa., 1970.

U.S. Standard Atmosphere Supplements, U.S. Government Printing Office,

Washington, 1966.

G. M. Hidy and J. R. Brouck, An Assessment of the Global Sources of Tropo-
spheric Aerosols, Academlc Press, New York, 1971, p. 1088.

F. E. Volz, Infrared Absorption by Atmospheric Aerosol Substances, J. Geo-
phys. Res., 77, No. 6, 1972, p. 1017.

3. Volz, Infrared Optical Constants of Ammonium Sulfate, Sahara Dust,
Volcanic Pumice, and Flyash, Appl. Optice ., No. 3, 1973, p. 564.

G. W. Grams, I. H. Blifford, Jr.,

B. G. Schuster, and J. J. DeLuisi, Com-

plex Index of Refraction of Airborne Fly Ash Determined by Laser Radar and

Collection of Particles at 13 km,

J.of Atmos. Sciences, 29, 1972, p. 900.

D. F. Flanigan and H. P. DeLong, Spectral Absorption Characteristics of the
Major Components of Dust Clouds, Appl. Optics, 10, No. 1, 1971, p. 51.

C. E. Junge, Journal Meteorol.,

12, 1825, p. 13.

D. Deirmendjian, Electromagnetic Scattering on Spherical Polydispersions,
Elsevier, New York, 1969, p. 78.

A. C. Holland and G. Gagne, The Scattering of Polarized Light by Polydis-
perse Systems of Irregular Particles, Appl. Optics, 9, No. 5, 1970, p. 1113.

R. 8. Powell, R. R. Circie, D. C.

Vogel, P. D. Woodson IIl, and B. Donn,

Optical Scattering from Non-Spherical Randomly Aligned, Polydisperse
Particles, Planet. Space Sci., 15, 1967, p. 1641,

D. M. Ruthven and K. F. Loughlin, Effects of Particle Shape and Size Dis-
tribution on the Transient Solution of the Diffusion Equation, Nature Phys.

Sci., 230, 1971, p. 69.

C. Junge, Chemical Composition and Radioactivity of the Atmosphere, World

Publishing Co., Cleveland, 1963.

L. S. Ivlev, Aerosol Model of the Atmosphere, Prob. Fiz. Atmos. Leningrad,

No. 7, 1967, pp. 125-160.

B. J. Mason, The fhysics of Clouds, Clarendon Press, Oxford, 1971,
N. A. Fuchs, The Mechanics of Aerosols, Pergamon, Elmsford, N. Y., 1964.
C. N. Davies, Aerosol Science, Academic Press, New York, 1966.

H. L. Green and W, R. Lane, Particulate Clouds, Dusts, Smokes and Mists, 2nd
Edition, D. Van Nostrand, Inc., Princeton, 1964.

F. Linke, Handbuch der Geophysik, Vol. VIII, Springer-Verlag,Berlin, 1943,

K. Ya. Kondratyev, Radiation in
1969,

the Atmosphere, Academic Press, New York,

104

IR HS 70T PRIV

[RCRL

R

m‘ gﬁ z'i‘B L,!‘.W'Q PR PO



Z FORMERLY WILLOW RUN LABORATORIES. THE UMIVERSITY OF MICHIGAN

22. D. T. Chang and R. Wexler, Relation of Aerosols to Atmospheric Features,
Final Report AFCRL-68-0360, AD 674 629, Air Force Cambridge Research
Laborzatories, Bedford, Mass., 1968.

23. L. Elterman, An Atlas of Aerosol Attenuation and Extinction Profiles for the
Troposphere and Stratosphere, Environmental Research Papers No. 241,
Air Force Cambridge Research Laboratories, Bedford,Mass., 1966.

24. W. E. K. Middleton, Vision Through the Atmosphere, University of Toronto
Press, Toronto, 1952.

25. P. N. Tverskoi, Physics of the Atmosphere, A Course in Meteorology, NASA
TTF-288, TT65-50114, U. S. Department of Commerce, Washington, 1965,

26. Lord Rayleigh, Phil. Mag., 47, 375, 1899.

27. L. Elterman, U. V., Visible and IR Attenuation for Altitudes to 50 km, Report
No. AFCRL-68-0153, Air Force Cambridge Research Laboratories, Office
of Aerospace Research, Bedford Mass., 1970.

28, 1. Elterman, Vertical-Attenuation Model with Eight Surface Meteorological
Ranges 2 to 13 Kilometers, Report No. AFCRL-70~0200, Air Force Cambridge
Research Laboratories, Office of Aerospace Research, Bedford, Mass., 1970.

29. A. L. Fymat and K. D. Abhyankar, Theory of Radiation Transfer in Inhomoge~
neous Atmospheres. I. Perturbation Method, Ap. J. Vol. 158, 1969, p. 315.

30. W. A. Malila, R. B. Crane, and R. E. Turner, Information Extraction Te~h~
niques for Multispectral Scanner Data, Report No. 31650-74-T, Willow Run
Laboratories, Ann Arbor, 1972.

31. R. E. Turner and M. M. Spencer, Atmospheric Model for Correction of Space-
craft Data, Proceedings of the 8th International Symposium on Remote Sens-
ing of Environment, Center {or Remote Sensing Information and Analysis,
Willow Run Laboratories, Ann Arbor, 1972,

32. R. E. Turner, Remote Sensing in Hazy Atmospheres, Proceedings of ACSM/
ASP Meeting, Washington, March 1972.

33. K. Ya. Kondratyev, O. B. Vasilyev, L. §. Ivlev, G. A. Nikolsky, and
O. 1. Smokty, Influence of Aerosol on Radiative Transfer: Paossible Climatic
Consequences, University of Leningrad Press, Leningrad 1973.

34. M. M. R. Williams, Approximate Solutions of the Neutron Transport Equation
in Two and Three Dimensional Systems, Nukleonik, Band 9, Heft 7, 305, 1967.

35. G. A. Garrettson and A. Leonard, Green's Functions for Multidimensional
Neutron Transport in a Slab, Trans. Am. Nucl. Soc., Vol. 12, 159, 1969.

36. H. G. Kaper, Elementary Solutions of the Reduced Three-Dimensional Trans-
port Equation, J. of Math. Phys., Vol. 10, No, 2, 1969, p. 286,

37. R. C. Erdmann, and A. Sotoodehnia, On the Solution of the Boltzmann Trans-
port Equation in Two Dimensions, J. Of Math. Analysis and App., Vol. 31, 1970,
p. 603.

38. G. B. Ryhicki, The Searchlight Problem with Isotropic Scattering, J. Quant.
Spectrosc. Radiat. Transfer, Vol. 11, No. 6, 1971, p. 827,

105

[REDERLTE VIR A ERC YRS VRS UIE S~ Y



